a Zirconium trisulphide (ZrS 3 ), a member of the layered transition metal trichalcogenides (TMTCs) family, has been studied by angle-resolved photoluminescence spectroscopy (ARPLS). The synthesized ZrS 3 layers possess a pseudo one-dimensional nature where each layer consists of ZrS 3 chains extending along the b-lattice direction. Our results show that the optical properties of few-layered ZrS 3 are highly anisotropic as evidenced by large PL intensity variation with the polarization direction. Light is efficiently absorbed when the E-field is polarized along the chain (b-axis), but the field is greatly attenuated and absorption is reduced when it is polarized vertical to the 1D-like chains as the wavelength of the exciting light is much longer than the width of each 1D chain. The observed PL variation with polarization is similar to that of conventional 1D materials, i.e., nanowires, and nanotubes, except for the fact that here the 1D chains interact with each other giving rise to a unique linear dichroism response that falls between the 2D ( planar) and 1D (chain) limit. These results not only mark the very first demonstration of PL polarization anisotropy in 2D systems, but also provide novel insight into how the interaction between adjacent 1D-like chains and the 2D nature of each layer influences the overall optical anisotropy of pseudo-1D materials. Results are anticipated to have an impact on optical technologies such as polarized detectors, near-field imaging, communication systems, and bio-applications relying on the generation and detection of polarized light.
Introduction
Lamellar materials consist of individual 2D sheets where weak vdW interactions play an important role. Most of these layered materials are rather uniform/isotropic in the ab-plane but appear structurally decoupled along the c-axis. After the experimental demonstration of semi-metallic graphene [1] [2] [3] and direct gap semiconductor MoS 2 4 by exfoliation from graphite and molybdenite lamellar crystals, layered materials have gained enormous interest due to their unique properties when scaled down from bulk to monolayer. Examples include transition metal dichalcogenides (TMDCs) with MX 2 5-7 and post-transition metal chalcogenides (PTMCs) with the [8] [9] [10] general chemical formula MX where M stands for transition or post-transition metal atoms and X is the chalcogen group (S, Se, and Te). With the exception of the V-TMDC group, such as ReS 2 and ReSe 2 , 11, 12 TMDCs materials possess rather uniform properties within the plane perpendicular to the c-axis (ab-plane). However, there exist a small number of materials with strong in-plane structural anisotropy. Some examples of these materials are black phosphorus, 7, 13, 14 group-V TMDCs (ReS 2 and ReSe 2 ), 11, 12 and transition metal trichalcogenides (MX 3 ). [15] [16] [17] [18] [19] These materials differ from isotropic layered materials in that each individual layer consists of a superlattice of 1D chains extending along one particular lattice direction. Considering in-plane structural anisotropy, angle dependent Raman measurements have been performed to determine the crystal lattice direction of BPs, ReS 2 , and ReS 2 . Moreover, theoretical and experimental studies have shown that MX 3 s 15, 20 and BP flakes have anisotropic electronic mobility, particularly high electronic mobility along the chain direction. 7, 13, 14, 21 More recently, the Raman/PL spectrum, and polarized photodetector applications have been investigated in ReS 2 and black phosphorus. 11, 12, [22] [23] [24] 42 Despite these pioneering studies, our understanding of pseudo-1D materials, particularly TMTCs with the chemical formula MX 3 (M = Zr, Ti, Hf and X = S, Se, and Te), is still in its infancy. TMTCs are a new class of layered materials with strong in-plane anisotropy. Each TMTC layer consists of 1D chains made of an MX 6 polyhedron extending along the b-direction. 25 TMTCs differ themselves from other pseudo-1D materials in that unlike aforementioned anisotropic materials, they are rather luminescent (nearly ∼5 and 10 times more luminescent compared to BPs and ReS 2 crystals of the same thickness respectively) allowing us to investigate the polarization effects in light emission properties, and stronger inplane anisotropy due to the formation of weakly coupled MX 6 1D chains. Due to their reduced crystal symmetry and anisotropy, TMTCs appear needle like as shown in Fig. 1 , whereas other in-plane anisotropic systems (ReS 2 and black phosphorus) appear more planar (2D-like). 7, 12 Their needle like structure indirectly implies that the interaction between adjacent chains are potentially weaker compared to other anisotropic systems, and thus anisotropy effects are anticipated to be much stronger.
Optical studies on the pseudo-1D material ZrS 3 are possible as it strongly emits light in the visible spectrum, it has a rather strong in-plane structural anisotropy due to weak chain-chain interactions, and its environmental stability allows for careful optical spectroscopy measurements without any concern over structural damage as in black phosphorus. The synthesized ZrS 3 sheets have strong light emission at 1.8 eV allowing us to link structural anisotropy to the light emission characteristics of the pseudo-1D materials for the first time. Angle resolved PL spectroscopy (ARPLS) studies reveal that the maximum integrated PL intensity occurs only when the E-polarization field is oriented along the chain (b-) axis direction, whereas the intensity drops by an order of magnitude when the E-field polarized across the chain direction (a-axis) after the E-field is attenuated in the perpendicular direction due to the size effects of 1D like chains in ZrS 3 . Similar measurements on a large number of few-layered flakes show that polarization anisotropy (ρ ratio between maxima and minima of the integrated PL intensity) spans from 5.7 to 10.8. Interestingly, ZrS 3 's optical spectral response appears comparable to truly 1D materials (nanotubes and nanowires), yet polarization anisotropy is always smaller. 26, 27 Overall results are understood by our model based on electromagnetic theory which accounts for the deviation from truly 1D behavior by accounting for chain-chain interactions in a pseudo-1D ZrS 3 system, and thus presents a unique material system with optical properties that fall between the 2D and 1D limit.
Results and discussion
A tilted side view with a ball and stick representation of ZrS 3 is shown in Fig. 1a . With blue polyhedrons as guides, it can be seen that ZrS 6 trigonal prisms sharing triangular faces extend along the b-axis forming pseudo-1D chain-like structures. A side view image seen from the b-axis direction shows individual ZrS 3 monolayers weakly coupled to adjacent layers via vdW forces, and the dashed box highlights the unit cell (Fig. 1b) . Inside the 1D prismatic chain unit, six atoms of S are equally separated from the metal Zr atom (∼2.63 Å), but the S atoms outside of the chain are slightly farther away (∼2.75 Å). These results are consistent with earlier structural studies on ZrS 3 by Wieting et al. 28 and results in slightly decoupled 1D-chain like structures confined in the ab-plane. Due to the structural inplane anisotropy of ZrS 3 , the flakes cleave easily along the b-axis, resulting in needle-like few-layered flakes with a large geometric aspect ratio (a/b < 1). Moreover, the synthesized ZrS 3 crystals appear in a layered whisker form extending in length in one direction. In this work, we have performed our measurements on the large areas of exfoliated ZrS 3 flakes (see Fig. 1c ) about 10 to 50 nm in thickness to ensure that (1) the flake is uniformly excited with the laser (spot ∼1 μm 2 ), (2) sufficient PL can be collected (increased material quantity), and (3) laser damage can be avoided (thinner flakes were found to be damaged under low power excitation ∼μW) to probe the intrinsic properties of ZrS 3 . In our measurements, the rotation angle was defined as the azimuthal angle (φ), i.e., the angle between the b-axis and E-field direction, as shown in Fig. 1c .
In this work, ZrS 3 crystals were grown using chemical vapor transport (CVT) of constituent elements vacuum sealed in a quartz tube based on an existing growth procedure. 29, 30 Zr powder and S powder was mixed at a stoichiometric 1 : 3 ratio, however, extra sulfur (final Zr/S ratio ∼1 : 3.05) and a minuscule amount of an I 2 transport agent was added to facilitate vapor transport from the hot to cold zone. Typical growth took place at ∼650°C (T hot = 650 and T cold = 620°C) and the process was complete after 3 days. The crystallinity of the synthesized flakes was confirmed through Raman spectroscopy, consistent with earlier work. [30] [31] [32] We observed 4 prominent peaks all corresponding to Ag modes at 150.5 cm −1 , 277.6 cm −1 , 319.6 cm −1 and 527 cm −1 (Fig. 1d) . The ZrS 3 crystal structure was further confirmed by XRD measurement; the observed XRD data matches well with the established ICDD card (00-015-0790) (Fig. 1e) , suggesting that ZrS 3 crystallizes in a monoclinic cell P2 1 /m space group with lattice constants calculated as a = 5.123 Å, b = 3.627 Å, c = 8.986 Å, and β = 97.15°. Before discussing our main results on dichroism and the 1D-like PL response, considering the fundamental knowledge gap in understanding ZrS 3 light emission characteristics, we first introduce the band structure and provide an explanation for the light emission characteristics of ZrS 3 . HSE06 calculations 33 -which successfully account for the many-body interactions in layered systems predict that ZrS 3 is a 1.88 eV indirect gap semiconductor which absorbs and emits photons relatively weakly. However, the presence of transition metal or chalcogen vacancies is known to enhance the PL intensity either by delocalizing electrons in the momentum space (within the Heisenberg principle if the position of the electron is well defined -trapped location -its momentum is largely unknown) or by decreasing the Wannier exciton Bohr radius. The former effect was previously observed in GaP:N 34,35 and the latter was reported by various groups on 2D TMDCs.
36-38
The calculated band structure of ZrS 3 in Fig. 2a shows that localized states are created 0.59 eV below the CBM by incorporating chalcogen (S) single vacancies. Thus, two possible transitions may appear: (1) indirect gap luminescence as observed in few-layered (indirect gap semiconductor) MoS 2 , and (2) defect assisted bound exciton emission appearing at 1.88 eV and ∼1.3 eV respectively. Theoretically estimated values closely match the experimentally observed PL spectrum where PL peaks are located at 1.8 eV and 1.45 eV, which might be associated with indirect gap emission and bound exciton emission lines. Here, we note that our absorption spectrum measurements (not shown) show that the band edge is located at ∼2 eV, which is close to previously reported values. 39 Thus, alternatively, emission at 1.8 eV may be related to the exciton recombination assisted by delocalization in the k space (similar to GaP:N systems) while the 1.45 eV peak is still a bound exciton in nature. Further data for the observed PL characteristics are obtained from power dependent PL measurements in Fig. 2b and c: as seen in the red scatter-spline peak area vs. excitation power curve in Fig. 2b , the 1.45 eV peak quickly saturates with increasing laser excitation due to the finite density of bound (defect) states saturating the optical transition through this particular recombination channel, consequently PL vs. power plots exhibit signature saturating behavior due to bound excitons. The high energy peak at 1.8 eV, however, scales linearly with laser excitation (slope ∼0.91) in the log plot (Fig. 2b ) without any saturation. 35 Next, we present our main result as summarized in the contour plot (for orthogonal arrangement) shown in Fig. 3a . Here, we report an angle-dependent photoluminescence (PL) of ZrS 3 crystals. We find that depending on the angle (φ, see Fig. 1c ) of the crystal under a polarized incident laser, the photoluminescence is strongly polarized in one particular direction. From the polar plots shown in Fig. 3b and c, it can clearly be seen that when the electric field of the polarized light is aligned along the chain axis (or parallel to the b-axis), a maximum PL intensity is observed (I ∥ ), and this happens at φ = 90°and φ = 0°in orthogonal and normal arrangements, respectively. While a minimum intensity (I ⊥ ) is observed when the electric field of the polarized light is perpendicular to the chain direction (or parallel to a-axis), this happens at φ = 0°a nd φ = 90°in orthogonal and normal arrangements, respectively. It is noteworthy that similar measurements on thinner (<10 nm) ZrS 3 flakes (as shown in Fig. 3d ) yield similar anisotropic PL responses (i.e., anisotropy ratio and shape) to thicker (∼50 nm Fig. 3d ) flakes. The atomic force microscopy (AFM) measurements on thin and thick flakes are shown in Fig. S1 . † However, measurements on even thinner flakes significantly introduced sample damage, and prevented us from acquiring data on their pristine response.
However, our control studies on direct bandgap MoS 2 monolayers appear completely isotropic (independent from polarization direction) as shown by red circles in Fig. 3b . Considering the vastly different polarization dependence of MoS 2 and ZrS 3 , and along with structural isotropy and anisotropy of MoS 2 and ZrS 3 , we attribute this anisotropic optical behavior to the pseudo-1D structure of ZrS 3 . It is, however, important to note that the polarization dependent PL response of ZrS 3 flakes significantly differ from those observed in anisotropic black phosphorus. 24 It has been previously shown that excitons are linearly polarized along the light effective mass direction (x-direction) which is independent of the exciting polarization direction. In contrast, the PL of ZrS 3 flakes is maximized along the polarization direction possibly due to similar effective mass values (along different crystal directions) preventing the formation of linearly polarized excitons. Naturally, structural anisotropy is anticipated to influence the properties of materials especially in reduced dimensions. The next question is: what is the origin of polarized PL emission? This effect can be explained by classical electromagnetic theory. Consider a one-dimensional isolated trigonal prismatic chain of MX 3 running parallel to the b-axis which acts as a free standing nanowire: the absorption is rather strong when E is parallel to the chain direction (E||b). The electric field inside the flake is not reduced (E in∥ = E out∥ ). In contrast, when the electric field of the polarized laser is perpendicular (E out⊥ ) to the infinite dielectric chains, because the wavelength of the exciting light is much larger than the individual chain width, the electrical field amplitude (E in⊥ ) inside the wire is greatly attenuated, thus absorption is low. Depending on the permittivity contrast ε(ω) between the nanowire and the surrounding medium, this attenuation in the quasi-static limit (for a cylindrical nanowire) is given by multiplication of the depolarization factor with E out⊥ as follows:
Polarization anisotropy (ρ) is given by:
From the angle dependent PL measurements in the normal direction (Fig. 3c) , we obtain a polarization anisotropy of ρ = 5.7 to 10.8. This suggests that light emission characteristics can be modulated by an order of magnitude depending on the polarizing field direction with respect to the chain (b-axis) lattice direction. The polarization anisotropy of ZrS 3 is smaller as compared to that of nanowires where ρ is in the range of 20-30. 26,27 This variation in polarization anisotropy can be partly justified by considering a much lower effective permittivity contrast ε(ω) chain for a 1D chain embedded in a matrix of ZrS 3 ( Fig. 4b) , as compared to a free-standing nanowire under vacuum with a permittivity contrast of ε(ω) (Fig. 4a) . Indeed, a similar reduction in ρ has been observed when luminescent nanowires (ZnO, InP) were coated with Ta 2 O 5 , 41 surrounded by a matched dielectric medium, different from that observed under vacuum. From a materials perspective, the reduction of the polarization anisotropy can be explained when one accounts for the interaction between adjacent pseudo-1D chains. A closer look at Fig. 4c shows that the PL intensity is relatively large at 90°e ven when the E-field is polarized across the chain (b-axis) direction and absorption is anticipated to be negligible as the E-field is greatly attenuated. A similar PL contribution can be seen in the orthogonal direction at 0° (Fig. 4b) , and is responsible for reduced polarization anisotropy (I ∥ /I ⊥ ). Since 1D chains interact with each other, unlike suspended/non-interacting semiconducting nanowires, their optical response can be envisioned as a superposition of 2D planar (isotropic) and 1D chain-like (anisotropic) components. By simple geometrical considerations, chain-like PL intensity (I 1D ) scales as cos 2 which is essentially the same for 1D nanowires, I 1D = A cos 2 [(n × φ) + x] + B 1 (A, n, x and B 1 are parameters). This function is represented by blue dashed lines in Fig. 4b and c, and is responsible for the observed anisotropy. Similar to MoS 2 monolayers in Fig. 3b (red dotted data points), the 2D PL intensity (I 2D ) is represented by red dashed lines in Fig. 4b and c, and the superposition of I 1D and I 2D matches well with our experimental data (black solid line and green dots). Here, the fitting I 1D chain yields ρ = 27 (as a fitting parameter), which is close to that observed in truly one dimensional systems. Overall, this 1D + 2D model accounts for the light emission characteristics in pseudo-1D materials.
Conclusion
In summary, angle resolved PL spectroscopy measurements on ZrS 3 few-layer flakes, density functional theory calculations, and electromagnetic theory based model are presented in order to establish how the structural anisotropy of ZrS 3 influences the optical properties of pseudo-1D transition metal trichachalcogenide (TMTCs) ZrS 3 . Our findings establish the nature of strong emission from ZrS 3 , and also mark the very first demonstration of an anisotropic light emission response from TMTCs. Interestingly, polarization anisotropy of pseudo-1D ZrS 3 appear smaller as compared to truly 1D nanowire/ nanotube materials. Strong optical anisotropy and reduced polarization anisotropy is explained by a model based on electromagnetic theory which envisions the optics of quasi-1D materials as a superposition of the truly 1D and truly 2D optical response to account for the finite interaction between adjacent 1D chains. Overall findings not only contribute to the understanding of quasi-1D materials, particularly a new class of TMTCs, but also open new avenues for applications in biosciences and optical communication technologies where polarized light emission/ absorption is essential for successful device operation.
Computational methodology
We performed first-principles calculations which are carried out in the framework of density functional theory (DFT) as implemented in the Vienna ab-initio Simulation Package (VASP). 43, 44 Generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) was employed for the exchange and correlation potentials. 45 A 20 × 30 × 11 Γ-centered k-point mesh was used for the Brillouin-zone (BZ) integration for the primitive unit cell of bulk ZrS 3 . Frozen-core projector augmented wave (PAW) potentials are used with 500 eV kinetic energy cutoff for the plane-wave expansion. 46 The convergence criterion for energy is set to 10 −5 eV between two consecutive steps in the self-consistent field calculations. The atomic positions are relaxed until the Hellmann-Feynman forces are less than 10 −4 eV A −1 . In order to describe the van der Waals interaction between ZrS 3 layers correctly, the DFT-D2 method of Grimme as implemented in VASP was used. 47 The screenednonlocal-exchange Heyd-Scuseria-Ernzerhof (HSE) functional of the generalized Kohn-Sham scheme was used to obtain more accurate electronic structure calculations. 48 
